Abstract-In this paper, the design and testing of a new protection strategy for a matrix converter feeding an induction motor with a squirrel cage rotor is described. The new protection strategy with excellent overvoltage protection allows the removal of the large and expensive diode clamp.
I. INTRODUCTION
T HE matrix converter is a simple -to-phase converter. For common usage, and are normally set to 3. By using a matrix of nine switches, the matrix converter is able to generate a variable output voltage system of a desired frequency and magnitude [1] - [12] . The switches must be able to block voltage and conduct current in both of its directions. They are named bidirectional switches (BDSs). The matrix converter has a maximum sinusoidal voltage transfer ratio of 0.86 and offers power regeneration. If an ordinary LC filter is added, the grid is stressed by sinusoidal current only. As mentioned above, the matrix converter has some advantages and disadvantages versus the dc-link voltage converter with a diode bridge as well as the dc-link voltage converter with power regeneration and has to compete with these two converter types.
A large problem of this converter is the absence of any passive free-wheeling path for the load current. This problem has often been overcome by adding a simple rectifier bridge at the input and output lines of the converter as shown in Fig. 1 [1] , [4] , [6] . This diode bridge increases the number of the required semiconductors and the costs of the converter. In [11] , the diode bridge is realized by adding extra diodes to the diodes contained in the BDS, building a rectifier used as a free-wheeling path for the load current. In all applications, the dc-link capacitor has to be charged up by an extra circuit before the converter starts its operation. This circuit causes additional costs. It can be shown that the diode bridge is not necessary to operate the converter with an induction motor (IM). To design a matrix converter, a BDS has to be created by using standard power semiconductor devices because a BDS is not yet available as a single device. For a proper commutation, it will be necessary to have a bidirectional device which can be controlled independently in both current flow directions. To achieve a small filter design and a low current ripple, it is necessary to choose a high switching frequency for the converter. Insulated gate bipolar transistors (IGBTs) offer these demands from low to high power levels making them a perfect device for this application.
II. IGBT SWITCH COMBINATIONS
A BDS can be realized by connecting IGBTs in several ways (Fig. 2) . Each combination has different advantages as described in [10] . The most used combinations are b) and c) because of their low conducting losses and the number of galvanic insulated power supplies. These combinations fulfill the requirements of a BDS as mentioned above. Combination b) offers a very easy way to build the converter in a modular structure as required for high power. The most favored combination for low power in industrial usage is combination c). It uses a minimum of six insulated power supplies to build up the converter. A new device, the reverse blocking IGBT (RBIGBT) [17] offers a simple antiparallel structure for a BDS with excellent conducting losses and all positive features of the other switches described. Unfortunately, the switching losses of these devices are rather high which will decrease the switching frequency of the converter. This will lead in a larger filter design.
III. COMMUTATION SEQUENCES
A basic rule of matrix converter commutation is a switching sequence which never interrupts the output currents to the inductive load or short-circuit the input voltage sources. This makes clear the demand for a BDS that can control the current in both directions independently. Because of its extra power losses and the extra costs, a clamp circuit is not desired. A so-called "step-by-step" commutation strategy has to be chosen. Existing commutation strategies can be voltage controlled as described in [1] or current controlled as given in [7] . A mixture of both is conceivable but not necessary. All possible switching sequences can be investigated on a circuit as shown in Fig. 3 . The starting situation is a load current with transistors 1 and 2 switched on. For example, a valid switching sequence is 2314 which means that in the first step transistor 2 is switched off. In the second step, transistor 3 is switched on, transistor 1 is switched off in the third step, transistor 4 is turned on in the fourth step. After the sequence has passed, the load current has commutated on transistor 3. In order to deal with the delay times of the IGBTs, a dead time between each step has to be kept.
The results of all valid switching combinations can be seen in Fig. 4 . Combinations which are marked with ellipses need the knowledge of the sign of the load current . The combinations marked with rectangles need the sign of the voltage . Nonmarked sequences will lead to a proper commutation also, but the knowledge of voltage polarity and current direction is needed, making the signal processing more complicated than required. The shown sequences are called "four-step" commutations. As mentioned before, the matrix converter has no passive free-wheeling path for the load current. In any event, the topology of the converter offers the possibility to switch free-wheeling paths as shown in [6] and [8] . In both approaches, a so-called "two-step" commutation is suggested. The two-step commutation obtains a free wheeling path by switching extra switches of the matrix converter which will lead the load current only in case of error. This strategy offers a good and easy way to protect the IGBTs used for the BDS against over-voltage as long as the signal processing is working. A shut down of the grid, error in the signal processing, or emergency break will cause problems which may lead to the destruction of the converter.
IV. OVERVOLTAGE PROTECTION
The diode bridge as described in Fig. 1 was the only solution for the four-step commutation. Due to the "step-by-step" switching sequence as shown above, no extra free-wheeling path for commutation is needed. The problem of breaking the load current exists only in the case of a hard pulse-off shut down of the converter. This will appear at the emergency OFF or converter error. A shut down of the converter under normal operation mode can be done by reducing the power to the machine, causing no interruption of the motor current. A free-wheeling path for the load current at a pulse-off shut down has to be found.
V. VARISTOR PROTECTION
Assuming that the matrix converter should be a low-cost solution in a low-power range, it should be used in teamwork with an induction motor with a squirrel cage rotor. If the induction motor is shut down by a pulse-off, the recovered energy is expected to be the stored energy in the motor leakage inductances. A worst-case estimation for a whole induction motor protected by a diode clamp circuit is given in [4] ( 1) is the maximum amount of the recovered energy transferred to the clamp capacitor, is the stator leakage inductance, and the rotor leakage inductance calculated to the stator side. is the magnitude of the stator current. A worst-case assumption is that the magnetizing current of the machine equals zero. Based on this formula, the maximum energy of a single phase of the machine can be assumed to be (2) The estimations given here are taken from the single-phase equivalent circuit diagram of the induction machine with a capacitor connected by a rectifier bridge to the motor lines (Fig. 5) . The values of a two-pole and four-pole induction motor and the amount of the recovered energy for single-phase equivalent circuit diagram can be seen in Fig. 6 . It is shown that the recovered energy is rather small. If a varistor is connected between the motor lines, the stator current will go down faster with a "time constant" (3) which is not fixed during the whole pulse-off due to the exponential resistant characteristic of the device. The value of depends on the voltage of the magnetizing inductance in the stator loop during the transient process but is rather high compared to the stator resistance of the machine. Simulations on the circuit in Fig. 5 have shown that the stator current reaches a value of zero faster by connecting a varistor as shown in this figure, and, as a result, some of the stored energy as calculated in (1) is transferred to the rotor side where it is absorbed by the rotor resistance. A closed formula for the recovered energy on the stator side can hardly be given in this paper. As a maximum value for one phase, the results from (2) can be used. Having a look at varistor data sheets [15] , [16] , the amount of energy is not given but the duration and the magnitude of the pulse current to be surged. Simulation results and measurements have shown that a duration on standard machines [14] will not last longer than 200 s. A carefully selected varistor is able to stand this stress for more than 1 million pulse-off cycles which is enough compared to the lifetime of the converter. Higher stress of the varistors such as short circuit or ground failure will decrease the number of pulse-off cycles. Another point is the admission of higher motor currents at speed changes to improve the dynamic of the drive system. This is a critical aspect because a doubled nominal current will lead to a 16 times greater value in the stored energy of the machine, according to (1) . As a result, a larger suitable varistor device has to be selected from the data sheets. The selected varistors can be added in triangle configuration at the input and output lines of the converter (Fig. 7) . The varistors at the input lines protect the converter against voltage transients from the grid which is needed for electromagnetic immunity (e.g., IEC 801 standards). The varistors at the motor lines take the pulse-off energy of the induction machine. Measurements on the varistor behavior have been performe on a 30-kW, four-pole induction motor. Fig. 8 shows a pulse-off at 50-A stator current. The energy absorbed by the varistor in Fig. 8 is about 3 Ws. This was expected due to (2) .
During normal operation of the converter, the varistor behavior has been examined. In Fig. 9 , the equivalent circuit diagram of the real varistor is shown. The varistor behavior can be explained by an ideal varistor having a parasitic capacitor in parallel. The parasitic capacity is caused by the connection flange and the grain boundaries of the metal oxide material. The typical value reaches from a few up to thousands of picofarads at 1 kHz depending on the size and electrical values of the device. A small stray inductivity is in serial with this configuration. Its amount is rather small and can be neglected in this application. Fig. 10 shows the varistor behavior during normal operation mode. The current flowing through the device is the reload current of the parasitic capacity at polarity changes of the output voltages of the converter. This current is small and brief. The losses caused are not worth mentioning. The calculated parasitic capacity out of this measurements is 500 pF which was expected due to the data sheets of the device [16] .
To select a suitable varistor device, the problem of unbalanced blocking voltages has to be solved. Examining Fig. 11 converter is initiated, all BDSs are gated off. A problem occurs if a BDS (e.g., BDS32) is delayed in its blocking capability before the rest of the BDSs. The neighbored IGBT (BDS31) having its full blocking capability may get the maximum clamping voltage of the varistor causing damage to this device. An extra circuit has to be added to protect the single IGBT against this transient over-voltage at a pulse-off.
VI. VARISTOR/SUPPRESSOR DIODE PROTECTION
To protect a single IGBT against over-voltage, a simple circuit can be found. The IGBTs are protected by a suppressor diode. This diode has the characteristic of a Z-diode with a high breakdown voltage. The value of the breakdown voltage has to be lower than the maximum blocking voltage of the IGBT. The circuit for a single IGBT can be seen in Fig. 12 . If the collector emitter voltage of the IGBT increases to a value higher than that of the breakdown voltage of the suppressor diode, this diode becomes conductive. The gate of the IGBT is charged again. The IGBT becomes conductive in its nonsaturated characteristic. This operation causes high losses in the transistor. Fortunately, this happens only until all IGBTs are off. The losses will not do any harm to the IGBT chip. Each IGBT can be protected this way. To ensure a good performance and lifetime of the converter a combination of both protection strategies is suggested. In Fig. 13 , the measurements on a varistor/suppressor diode protected matrix converter with 7.5-kW induction motor can be seen. In the voltage diagram the collector emitter voltages of two neighbored IGBTs are shown. If a pulse-off is initiated, the collector emitter voltages on both transistors increase rapidly over 800 V. The suppressor diodes are getting active and clamping the IGBTs to a maximum of 800 V. This process is rather short, which can be seen in Fig. 14 . The suppressor diode gives a short but high current pulse to the gate, cutting the sharp voltage peak of the IGBT at a turn off. The switch off time of IGBT 2 is delayed by this process, giving time to IGBT 1 to take its blocking voltage. The varistor becomes active in its low resistance characteristic. As the current diagram in Fig. 13 shows, the load current is fully taken by the varistor for the duration of the process. These measurements show that the IGBT is hardly stressed by this protection method. The main part of the energy is moved to the varistors which are able to take this energy quite easily. The problem of unbalanced voltage at pulse-off has been overcome. 
VII. SUPPRESSOR DIODE PROTECTION
Looking at Fig. 15 , the energy absorption capability of IGBTs is shown. A 100-s pulse is assumed due to the results of the measurements as shown in Fig. 8 . The question if the matrix converter can be protected by its own IGBTs using suppressor diodes only without varistors must be discussed. Compared to the expected maximum energy of the induction motor (Fig. 6) , it is not easy to decide if an IGBT can stand the stress of the pulse-off energy without a varistor device. For a certain drive, the capability of intrinsic safety can be classified by defining a safety factor
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For example, a 7.5-kW two-pole induction motor at a 230/400-V grid has a nominal current of 14 A [14] . Assuming that the chosen nominal current of IGBTs should be about double the nominal motor current, a 35-A transistor type is selected. According to Figs. 6 and 15, it will stand the stress of pulse-off without problems. The resulting safety factor is 1.05 (see Table I ). In this case, no varistor at the load side is needed. The matrix converter can be protected only by suppressor diodes. The calculations for larger motors show smaller results. For a 15-kW motor, the safety factor is 0.54 which is to small. An IGBT with higher nominal current must be chosen.
To avoid the function of the varistor in an experimental setup, the suppressor breakdown voltage has been reduced to 600 V. At this voltage, the varistor resistance stays rather high and does not take much current. Measurements on these suppressor diode-protected IGBTs have been done on a smaller 7.5-kW induction motor (Fig. 16) . A large amount of the load current is flowing through the IGBT during the whole pulse-off. The varistor is nearly inactive. This measurement shows that the varistors can be removed in this application. The matrix converter can be protected by its own IGBTs.
The question of whether an IGBT can stand this stress in the long run cannot be answered by this study. Further investigations on IGBT lifetime behavior must be performed. In addition, a few other facts must be taken into account for a matrix converter drive system. In the converter design, the case of an over current shut down has to be considered. Another point is the admission of a higher motor current (e.g., 150-200%) at typical speed changes in standard drive systems. The recovered energy at a pulse-off during this operation has a much higher value, causing additional stress to the IGBTs that will be damaged. As a result, a larger IGBT has to be chosen leading to extra costs. An advanced packaging technology or the usage of robust semiconductor material such as silicon carbite may overcome this problem.
If no additional stress is desired to the IGBTs, the combination of varistor and suppressor diode protection is an excellent combination to protect the matrix converter in all operation modes. No precharge circuit is needed. The converter can be set to operation without any delay times. Because of the small peak power of the suppressor diodes taken at pulse-off, the device can be integrated with the gate unit to the power modules. This intelligent module would be a step closer to system integration.
VIII. CONCLUSION
In this paper, a new strategy has been presented to protect a matrix converter system with an induction motor against over-voltage in all operation modes. The suggested strategy with suppressor diodes and varistors works very well. Measurements and results on existing drives have been presented and discussed. The strategy offers an additional possibility to remove the needed varistors. In this low-cost strategy, the IGBTs are used to protect themselves against over-voltages from the load. This operation mode is practicable but causes hard working conditions to the semiconductors, which must be considered.
